Abstract: A quantitative method has been developed for assessment of the distribution of xylan across the secondary cell wall layers of Eucalyptus dissolving pulp fibres by means of a carbohydrate binding module (CBM), CtCBM6, in combination with transmission electron microscopy (TEM). To ensure reproducibility and to minimise nonspecific labelling, various parameters were optimised, namely the size of the gold colloid marker, CtCBM6 concentration, and the selection of buffer solutions. The method was replicated on processed Eucalyptus fibres containing different xylan contents. Reproducible xylan counts and distributions across the secondary cell wall layers were obtained for unbleached and bleached Eucalyptus fibres. The xylan distribution pattern across the cell wall layers S1, S2 and S3 was similar, but the S1 and S3 layers contained after bleaching more xylan than the S2 layer. The technique has a wide range of applications in basic wood research as well as in the analysis of technological processes.
Introduction
During dissolving pulp production, hemicelluloses and lignin are removed from the fibre wall resulting in a high purity α-cellulose pulp. The residual hemicelluloses within the fibre wall after bleaching affect the performance (reactivity) and quality (brightness) of dissolving pulp (Wilson and Tabke 1974; Sixta 2006; Wollboldt et al. 2010) . Xylan is the main hemicellulose component of hardwood fibre cell walls (Timell 1967) and the knowledge about the quantity and distribution of xylan within hardwood fibre walls is helpful to understand the parameters responsible for variations in performance and quality of dissolving pulps.
The spatial distribution of the cell wall polysaccharides is also relevant in basic scientific questions and in the context of other technological processes, which were for a long time a domain of immunoassay detection methods. For example: Altaner et al. (2007) detected the β-1-4-galactan in compression wood of Sitka spruce by immunofluorescence; Fernando and Daniel (2008) observed the glucomannan distribution in the cell wall of Scots pine in the context of thermomechanical processing (TMP) processing; Gao et al. (2014) and Kim et al. (2015) detected the distribution of hemicelluloses and pectins in the cell wall by immunocytochemistry in a softwood and a hardwood during the Termovuoto (heat treatment) process; Blumentritt et al. (2016) observed the changes of glucomannans and xylans in the poplar cell wall in the course of hot water treatment. However, in the focus of the present study is the technique based on carbohydrate binding modules (CBMs), which is simpler than the time consuming immunolabelling.
CBMs have been identified as useful tools for localisation of complex carbohydrate molecules (McCartney et al. 2006; Shoseyov et al. 2006; Filonova et al. 2007a; Oliveira et al. 2015) . CBMs are natural non-catalytic substratebinding domains of several enzymes, which are associated with carbohydrate metabolism (Boraston et al. 1999) . The primary action of CBMs increases the catalytic efficiency of the carbohydrate-active enzymes for soluble and/or insoluble substrates (Hashimoto 2006) . CBMs have been divided into 53 families and classified into the groups A, B and C based on amino acid sequences and structural similarities (see Carbohydrate Binding Module Family Server http://afmb.cnrs-mrs.fr/∼pedro/CAZY/cbm.html).
Particular CBMs attach to their target ligands with high specificity and affinity and are therefore valuable tools as molecular probes (Hashimoto 2006; Shoseyov et al. 2006; Pattathil et al. 2015) . These are alternatives to antibody probes because they are smaller (e.g. typically <20 kDa vs. ~150 kDa for antibodies) and show specificity for individual carbohydrates (Ding et al. 2006; Filonova et al. 2007b; Oliveira et al. 2015; Pattathil et al. 2015) . Furthermore, the ease of their production and modification with peptides and fluorescent and gold markers for microscopy is also encouraging (Filonova et al. 2007b) .
Cellulose in wood fibre cell walls has been localised by CBMs (Mclean et al. 2002; Hildén et al. 2003; Daniel et al. 2006; Ding et al. 2006; Filonova et al. 2007a) , such as xylan (McCartney et al. 2006; Filonova et al. 2007b) , and mannan (Filonova et al. 2007a) . McCartney et al. (2006) studied the affinity of six different xylan-specific CBMs in binding to primary and secondary cell walls for several dicotyledonous species. That study showed that CBMs from the families 2b, 4, 6, 15, 22 and 35 have a large range of specificities for natural ligands in the plant cell walls. It was concluded that the variation of CBM specificity for ligands may also be useful for the detection of distinct xylans in the cell wall (McCartney et al. 2006) . Synthetically engineered xylan-binding CBMs were applied to target xylan molecules in birch and pine wood sections and birch kraft pulp fibres, and Filonova et al. (2007b) demonstrated that these kind of CBMs conjugated to fluorescein isothiocyanate (FITC) exhibit higher binding signals in delignified tissues compared to mature (normal) birch and pine wood. The CBMs in the quoted study were conjugated to the fluorescent dye [fluorescein isothiocyanate (FITC)], and the specimens were viewed by fluorescence microscopy. That method affords a lower resolution than transmission electron microscopy (TEM) and scanning electron-microscopy (SEM), therefore, the information on spatial distribution of hemicellulose molecules across the different cell wall layers was limited.
The family 6 CBM was the focus of the present study, which was isolated from Clostridium thermocellum xylanase 11A (Czjzek et al. 2001) . The quoted authors determined the crystal structure of this module, which was resolved at 2.1 Å. The protein was characterised as a β-sandwich, which contains two potential ligand-binding clefts named as clefts A and B. By the combined application of nuclear magnetic resonance (NMR) spectroscopy coupled with site-directed mutagenesis, cleft A was identified as the ligand binding site. The CBM contains a surface loop that prevents cleft B from binding to the ligand. This module was established as being primarily a xylan binding CBM having the ability to bind to both decorated and undecorated xylan molecules (Verma et al. 2015) .
Biological probes for localisation of carbohydrates within a matrix are necessarily a customised process for each tissue type as well as for the molecule being targeted (Horisberger 1979) . Each protocol has to be refined to obtain a maximum specificity. The aim of the present study was to develop a reproducible method to map the distribution of xylan in Eucalyptus dissolving pulp fibres, which were unbleached and fully bleached. The intention was to understand better the xylan extraction process during bleaching, which is relevant for the production of high purity cellulose products. Bleached and unbleached materials were selected because of the clear differences in their xylan contents.
Materials and methods

Materials: Unbleached and fully bleached dissolving pulp fibres of Eucalyptus GU clone (Eucalyptus grandis W. Hill ex Maiden and
Eucalyptus urophylla S.T. Blake) were investigated. The pulps were produced in the laboratory by acid bisulfite pulping and four subsequent bleaching steps as described by Chunilall et al. (2010) .
Preparation of samples for TEM:
The wood and pulp fibres were dehydrated in a serial dilution of ethanol (25, 50, 75 and 100%) and thereafter infiltrated slowly with London Resin (LR) white for 3 days. The samples were polymerised for 22 h at 60°C in gelatin capsules. All chemicals and reagents were purchased from Merck (Pty) Ltd, Modderfontein, South Africa unless otherwise stated.
Carbohydrate binding module (CBM):
The CtCBM6 (Prozomix, UK), a family 6 xylan-binding module, was used, which was isolated from Clostridium thermocellum. It was supplied as a 1 ml 3.2 M ammonium sulfate [(NH 4 ) 2 SO 4 ] suspension, which contained 0.3 mg ml −1 CBM.
Preparation of a CBM stock solution:
To maximise the activity of the CBM, solutions of 20 mM Tris-HCl, pH 7.5, 20 mM NaCl, 5 mM CaCl 2 , and 0.05% (w/v) BSA were tested as stock solutions. The 1 ml 3.2 M (NH 4 ) 2 SO 4 CBM suspension was divided into two aliquots, placed in Eppendorf tubes (1.5 ml), and centrifuged for 2 min at 13 225 g; the supernatant was then removed from each preparation and the resultant pellet was diluted with either 20 mM Tris-HCl buffer or 0.05% BSA.
Conjugation of gold colloid to the CBM: Three gold colloid nanoparticles with different size were tested for conjugation to the CBM, i.e. 20 nm (Sigma-Aldrich), 10 nm and 5 nm, which were prepared in the laboratory according to Dykstra and Reuss (2003) and Geuze (1981, 1985) , respectively. In summary, the following solutions were prepared: (a) 1 ml 1% aqueous chloroauric acid with 100 ml DDW, which was then reduced with 2.2 ml of 1% aqueous sodium citrate at 100°C (20 nm); (b) 80 ml DDW to which 1 ml 1% chloroauric acid was added; and (c) 4 ml 1% sodium citrate to which 16 ml DDW and 80 μl 1% tannic acid were added (10 nm gold particles) or (d) 4 ml 1% sodium citrate to which 16 ml DDW and 1 ml 1% tannic acid were added (5 nm gold particles). Solutions (b) and (c) or (b) and (d) were heated to 60°C, mixed and then heated to boiling on a hot plate to produce 10 nm and 5 nm gold particles, respectively. Combinations of the mixtures turned burgundy red after 2 min, which is an indicator for the production of nano-size particles. Investigation of the mixture on a JEOL 1010 TEM instrument revealed that 20 nm, 10 nm and 5 nm gold colloid particles had been formed, respectively. The gold colloid particles were coated with a 1% aqueous solution of polyethylene glycol (PEG) 20,000 (Sigma-Aldrich) prior to adjusting the pH, as gold particles are known to clog the electrode pores (Stannard 1998) . In addition, PEG stabilises the gold colloid and prevents possible formation of aggregates (Horisberger and Vauthey 1984) . The gold colloid solutions were adjusted to a pH at the theoretical isoelectric point of the CBM (one decimal point exact), which was calculated by the program ProtParam (theoretical isoelectric point calculator). For CtCBM6, the calculated isoelectric point is 5.50.
Preparation of the CBM-gold colloid complex: The optimised concentration of CBM (i.e. 0.01 μg μl −1 ) was placed in a 1.5 ml Eppendorf tube followed by adding 500 μl of gold colloid solution and 50 μl of 1% PEG. This solution was incubated at 4°C for 5 min and then centrifuged at the same temperature for 150 min at 15 338 g. After centrifugation, the supernatant was removed and the red sediment was dispersed in 75 μl 0.05% PEG and 300 μl of Tris-HCl buffer (pH 7.5).
Labelling with CtCBM6-gold colloid complex: Table 1 describes the sequential steps required during labelling of ultra-thin sections using the CtCBM6-gold colloid complex.
Control experiments: Two different control treatments were run in parallel to the experiments to ensure the specificity of the CBM reactions. The first control involved the application of gold colloid only for labelling ultra-thin sections. The second control involved a treatment of ultra-thin sections with the CBM solution (at the same concentration as applied for the complex preparation) for 30 min, with the attempt to saturate all the available binding sites. Thereafter, the same ultra-thin sections were incubated with the CBM-gold colloid complex.
Method validation: Data sets from the CBM-gold methods were compared with xylan amounts obtained by high performance liquid chromatography (HPLC) (TAPPI test methods T249 cm-85, 1996 (TAPPI test methods T249 cm-85, -1997 , which is supposed to be reliable as it is mostly applied in industrial laboratories for analysis of various liquid samples. To achieve a consistent mass of cellulose in the sample, the required pulp mass was 0.2 g (oven-dry, containing 90% cellulose and 60% moisture). The sample was then placed in a conical flask and hydrolysed with 3 ml of 72% sulfuric acid in a water bath for 1 h at 30°C ± 3°C. Thereafter the samples were rinsed with deionised water, placed in 250 ml screw-capped bottles (Schott, USA) and autoclaved for 1 h at 120°C-130°C (0.12-0.14 MPa pressure). The hydrolysate was then cooled to room temperature and filtered through 0.45 μm nylon filters (Membrane Solutions ® , Separations, SA). The filtrate was then diluted 1:25 with de-ionised water and analysed for its monosaccharide content by HPLC-pulsed amperometric detector (PAD) (Rocklin and Pohl 1983; Hausalo 1995) .
Staining, image capture, replication and analysis of images:
The grids were subsequently stained with saturated aqueous uranyl acetate (2 min) to provide the necessary contrast in the specimens for TEM observations (JEOL TEM-1010, 100 kV). Image-Pro ® Analyser 7.0 (SMM Instruments, SA) was applied. For each experiment, five images were collected per fibre and a total of 10 fibres were analysed, i.e. 50 micrographs were analysed. The gold particles in the different secondary cell wall layers were counted by a specially designed macro. Results are presented as a distribution of gold particles per μm −2 in images captured at the same magnification across the wall layers S1, S2 and S3.
The error bars in the graphs are for the mean ± standard error (SE): SE = mean SD/√sample number. Statistical analyses were performed by SPSS 19.0 for Windows. The level of significance for all statistical analyses performed was taken to be P < 0.05.
Results and discussion
CtCBM6-gold colloid conjugates
The size of the gold colloid particle proved to be crucial affecting conjugation between the CBM and gold colloidal particles. A red sediment, which indicates a positive result after conjugation, was obtained only in case of 5 nm gold colloid particles (Table 2) . Additionally, the CBMs were supplied in a 3.2 M (NH 4 ) 2 SO 4 solution, and no conjugation occurred, if the CBM was not initially precipitated from the solution by centrifuging the required aliquot for 2 min and removing the (NH 4 ) 2 SO 4 supernatant. The resultant red sediment was then diluted in the same volume of DDW prior to adding the gold colloid solution. The best centrifugation time was 150 min for the 5 nm gold particles as indicated by the clear supernatant after centrifugation, in contrast to 80 and 120 min centrifugation times, which left a light pink coloured supernatant ( Table 2) .
Preparation of CtCBM6 stock solution
The preparation of a CBM stock solution was necessary for optimisation. A 20 mM tris-HCl and 0.05% BSA solutions were tested for the preparation of the stock solution.
The unbleached and fully bleached pulp fibre samples showed similar average total CBM-gold counts and the same distribution patterns, irrespective of the solvent applied ( Figure 1a ). However, a high level of background labelling was obtained in case of 0.05% BSA application, which was absent in the 20 mM tris-HCl stock solution.
Different CtCBM6 concentrations for unbleached fibres
Four different CBM concentrations were tested viz, 0.01, 0.03, 0.05, 0.08 μg μl produced non-specific label on the resin, and all treatments resulted in the same distribution pattern across the secondary cell wall of unbleached fibres (Figure 1b) . Thus a CtCBM6 concentration of 0.01 μg μl −1 was selected as the best concentration to ensure specific labelling in further experimental steps.
Control experiments to ensure specificity CtCBM6
A first control experiment was performed with gold colloid only without conjugation to the CBM and a negligible binding was found (Figure 2a ). This result confirmed that the labelling is not due to the gold colloid in the CBM-gold complex, but the CBM itself binds to xylan. The second control experiment was performed to ensure that the CBM is not heterogeneous (Polak and Van Noorden 1987) . The available binding sites on the ultra-thin section were saturated with unconjugated CBM, and thereafter the same sections were exposed to a CBM-gold conjugate. Also this control showed negligible binding to the section surface (Figure 2b ), further illustrating that the same ligand is being targetted irrespective of the conjugation of CBM to the gold colloid. The bond between gold colloid and macromolecules has been shown to be non-covalent without an apparent change in the specific bio-activity of the latter (Horisberger 1979; Goodman et al. 1981) .
Validation of the CtCBM6-gold method
The total CBM-gold counts for xylan obtained for unbleached (bleaching step 1 and 2) and fully bleached pulp fibres are compared with xylan data obtained for the same samples by HPLC-PAD analysis (Figure 3) . The CBM-gold and HPLC methods are very different techniques, nevertheless, the trends observed were similar with respect to the expected decline in xylan during bleaching, showing that the CBM-gold method responds to the removal of xylan from the pulp fibres. HPLC-PAD is a reliable technique, but it does not provide any data about the spatial distribution of xylan. Thus the CBM-gold approach is a valuable supplement to HPLC-PAD from the bleaching perspective. Figure 4 shows the CBM-gold labelled unbleached and fully bleached fibres, where the decrement of CBM-gold particles after bleaching is obvious (Figure 4b ).
Reproducibility of CtCBM6-gold counts and distribution
The optimised CBM-gold method was replicated for unbleached and fully bleached pulp fibres taken from four different resin blocks. A difference in total gold counts obtained for individual fibres was expected because of the natural variation between trees and fibres (Donaldson et al. 2004) (Figure 5 ). The combined data for fibre labelling from each resin block for both unbleached ( Figure  5c ) and fully bleached fibres (Figure 5d ) showed no significant differences and the variations are supposed to be within the natural differences between populations of the fibres analysed.
The distribution patterns of xylan are very similar for the different fibre batches from each resin block for unbleached fibres (Figure 6a ) and fully bleached fibres (Figure 6b) concerning the cross sections of the secondary cell wall layers. Unbleached fibres show no difference in the layers S1, S2 and S3 (Figure 6a ). The xylan distributions of fully bleached fibres indicate that the S1 and S3 cell wall layers contain more xylan than the S2 layer for all replicates (Figure 6b ). Bleaching removes a significant amount of xylan from all three cell wall layers but the xylan removal in the S2 layer is the most significant (Figure 6b ). The conclusion is that the labelling results concerning xylan removal during bleaching are plausible and reliable.
Conclusions
A reproducible CtCBM6-gold label colloid technique was developed to map xylan distribution across the secondary cell wall layers of pulp fibre walls. The size of the gold colloid marker appears to be an important factor when preparing a CBM-gold colloid conjugate. The preparation of a stock solution as well as the applied buffer for diluting the conjugate affected the affinity of the probe to xylan. The counts of gold particles across the different secondary cell wall layers reflect the xylan distribution, which was changed during the bleaching process. The CtCBM6-gold label tool contributes to understanding the complexity of the hardwood fibre cell wall and its behaviour during bleaching. It is not only useful for basic research but also as a monitoring tool of technological processes. 
